C ells use molecular tags to modulate the fates and functions of proteins. One such tag is ubiquitin, a small protein that regulates nearly every facet of cellular function in eukaryotes (organisms such as animals, plants and fungi). Tagging a protein with ubiquitin requires the sequential action of three types of enzyme: E1 activating enzymes attach ubiquitin to a cysteine amino-acid residue on E2 conjugating enzymes, and E3 ligases stimulate ubiquitin transfer from E2-ubiquitin onto a lysine residue of the substrate protein. How E3 enzymes -the most common of which belong to the RING family 1 -carry out the final step has been a long-standing mystery. Now Plechanovová et al. 2 (page 115 of this issue) and Dou et al. 3 (writing in Nature Structural & Molecular Biology) illuminate this mechanism at high resolution, by describing the structures of RING E3 ligases engaged with E2-ubiquitin. Their results suggest a mode of action that could apply to other E3 enzymes.
More than 600 human genes encode RING or RING-like E3 ligases, underscoring their biological importance 1 . Canonical RING proteins contain a zinc-binding region that is rich in cysteine and histidine residues and that, on its own, can bind to E2-ubiquitin and promote ubiquitin transfer 1 . Previous crystal structures revealed some of the interactions between E2 and E3 enzymes, but none of them galaxy. It is these accreting supermassive black holes that are known as quasars.
Although quasars are generally seen only as unresolved points of light, they have distinctive spectra characterized by broad ultraviolet and optical emission lines, which distinguish them from other astronomical sources. These emission lines are broadened by the Doppler effect that is associated with motion in the environment close to the quasar, revealing the extreme dynamics in the vicinity of the black hole. But the lines reveal little about the motion of the bulk of the interstellar gas farther out in the quasar's host galaxy.
The best way around this problem has been to try to measure emission lines associated with molecules that are not present in the immediate surroundings of the black hole. One possibility is to make observations at sub millimetre wavelengths, at which there are several ionized-carbon emission lines. This method has been used to identify outflows from relatively nearby quasars (see, for example, ref. 5). Maiolino et al. adopted this approach, using one of the world's most sensitive millimetre arrays, the Institut de Radio astronomie Millimétrique Plateau de Bure Interferometer, to measure the shape -and thus the velocity profile -of an ionized-carbon emission line in the spectrum of SDSS J1148+5251. This light was emitted with a wavelength of 0.158 milli metres but was redshifted by the expansion of the Universe so that it reached Earth with a wavelength of 1.17 millimetres. The data showed not only a core line with a velocity width of a few hundred kilo metres per second, as expected of mater ial moving in a large galaxy, but also much broader 'wings' indicative of gas flowing out at speeds of up to 2,000 kilo metres per second.
By adopting simple models to describe the geometry of the outflow (which the observations could not reveal), the authors found that the host galaxy of SDSS J1148+5251 was losing 10 solar masses of gas every day. Given that the total molecular-gas content of the galaxy had previously been estimated at 20 billion solar masses 6 , the galaxy would have had all of its gas blown out in about 6 million years -a mere instant in cosmological terms. And although the kinetic power of the outflow, some 2 × 10 38 watts, might seem huge, it is less than 1% of the total power output of the quasar.
Overall, Maiolino and colleagues' data and interpretation paint a coherent picture of gas ejection from quasar host galaxies. However, given that quasars are fuelled by infalling mater ial, it might seem surprising that they can also cause outflows. The explanation is that the light emitted by the quasar exerts a force (termed radiation pressure) on the surrounding gas, and in the extreme situation around a quasar this is strong enough to drive out all of the gas from the galaxy. The stars in the galaxy are so much denser than the gas that they are not noticeably affected, and the non-interacting dark matter between the stars does not experience any radiation pressure at all (Fig. 1) .
Maiolino et al. also found some evidence that the outflow is visibly extended in their images, which would imply that it spans much of the galaxy. However, the tentative nature of this measurement, and the implication that this would be the largest such outflow ever measured, make this result speculative at best -a point that the authors are careful to make themselves. By contrast, the main finding that quasar SDSS J1148+5251 has been captured in the process of removing gas from its host galaxy seems quite robust, both because of the remarkable data and because of the existence of a compelling theoretical model. ■ Earlier studies showed that, in the absence of an E3 partner, E2-ubiquitin can adopt many inactive ('open') configurations 4 , which presumably prevent the transfer of the molecular ubiquitin tag to a substrate protein (Fig. 1a) . The structures determined by Plechanovová et al. and Dou et al. reveal that RING E3 ligases lock E2-ubiquitin into an activated, closed conformation that is poised for ubiquitin transfer; such a form has also been described in concurrent studies of similar proteins using nuclear magnetic resonance 3, 5 .
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In the RING-E2-ubiquitin crystal structures, certain amino-acid residues of one of the two RING monomers interact with both ubiquitin and the E2 protein. Of note, an arginine side chain of one RING monomer bridges the E2 protein and the carboxy-terminal tail of ubiquitin. The opposite RING subunit also contacts ubiquitin through, for example, a highly evolutionarily conserved tyrosine or phenylalanine residue. Moreover, a zincbound histidine (which is characteristically found in canonical RING proteins) interacts with ubiquitin through a hydrogen bond.
The crystal structures also show an extensive network of interactions between the E2 protein and its linked ubiquitin. In particular, Plechanovová et al. describe a hydrogen bond between a carbonyl oxygen of ubiquitin's C-terminal tail and a highly conserved asparagine side chain of the E2 protein; this asparagine is known 6 to be required for efficient ubiquitin transfer. In addition, an aspartate residue of the E2 protein, which had previously been shown to have a role in activating the substrate protein's lysine 7 , is reconfigured in the RING-E2-ubiquitin complexes.
The findings support a model by which RING binding reduces the conformational heterogeneity of E2-ubiquitin and constrains ubiquitin's C-terminal tail in a shallow cleft within the E2 protein (Fig. 1a) . As a result, the thioester bond becomes suitably positioned for attack by the substrate protein's lysine, and several residues of the E2 protein are rearranged to promote the transfer reaction. Both groups of authors validated the model through careful biochemical studies. For example, ubiquitin transfer was diminished when the authors made amino-acid changes in the E3 ligase that were predicted to impair its interactions with ubiquitin or with the E2 protein 8 . Moreover, Plechanovová and colleagues describe that their E2-ubiquitin is a competitive inhibitor of E3-mediated ubiquitin transfer to substrate proteins. This result confirms that E2-ubiquitin (in which the two proteins are linked through a peptide bond instead of a thioester) is structurally similar to natural E2-ubiquitin.
Does the model hold for other E2 and E3 proteins? An earlier study 9 showed that a non-RING E3 ligase (RanBP2) interacts with E2-SUMO in such a way that both E2 and SUMO (a ubiquitin-like protein) are optimally positioned for the transfer reaction to take place. And the RING-E2-ubiquitin structures show striking similarities to that of the protein complex formed by RanBP2, an E2 protein and a SUMO-tagged protein substrate 9 (Fig. 1b) . Furthermore, Plechanovová et al. show that CHIP, an E3 ligase belonging to the RING-like U-box family, also stimulates ubiquitin transfer by rearranging E2-ubiquitin into a closed configuration. Moreover, computer modelling 10, 11 and nuclear magnetic resonance data 5 have indicated that some monomeric RING, or RING-related (SP-RING), E3 ligases contain elements that could lock E2-ubiquitin or E2-SUMO into a closed conformation. However, there is evidence that, for some E2 proteins, E2-ubiquitin can adopt a closed configuration in the absence of E3 ligases [12] [13] [14] . And it is unclear whether some other types of E3 ligase, which transfer ubiquitin through mechanisms different from those used by RING proteins, will follow the model described by the authors. For example, for E3 ligases of the HECT and RBR families, ubiquitin is transferred from an E2 protein onto a cysteine in the E3 enzyme, before being attached to the protein substrate. Although details of the second step await elucidation, it has been reported 15 that HECT binding to E2-ubiquitin promotes tag transfer without stimulating E2-ubiquitin thioester reactivity, in contrast to RING, SP-RING and some other E3 ligases.
In summary, a unified model emerges for those E3 ligases that activate the reactivity of the thioester bond. The binding of an E3 enzyme restricts the conformations available for E2-ubiquitin, which is then forced to adopt a configuration that optimally aligns the thioester for attack by the substrate's lysine. 2 and Dou et al. 3 report crystal structures of E2-ubiquitin bound to dimeric E3 ligases of the RING family. They show that RING E3 ligases guide E2-ubiquitin into an active conformation by establishing specific interactions with both ubiquitin and the E2 protein. In particular, an arginine and a tyrosine (or phenylalanine) of the E3 enzyme are crucial for securing ubiquitin into a position that activates transfer. As a result of these interactions, several residues in the E2 protein (such as an asparagine and an aspartate) are reorganized to facilitate the transfer reaction. b, Variations on this mechanism are used by monomeric RING, RING-like and some non-RING E3 ligases [9] [10] [11] to activate transfer of ubiquitin (or ubiquitin-like proteins such as SUMO) from E2 proteins to a lysine residue on protein substrates. 
